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ABSTRACT
The paper describes results of the studies devoted to the solar activity impact on the Earth’s upper atmosphere and ionosphere,
conducted within the frame of COST ES0803 Action.
Aim: The aim of the paper is to represent results coming from different research groups in a unified form, aligning their specific
topics into the general context of the subject.
Methods: The methods used in the paper are based on data-driven analysis. Specific databases are used for spectrum analysis,
empirical modeling, electron density profile reconstruction, and forecasting techniques.
Results: Results are grouped in three sections: Medium- and long-term ionospheric response to the changes in solar and geomag-
netic activity, storm-time ionospheric response to the solar and geomagnetic forcing, and modeling and forecasting techniques.
Section 1 contains five subsections with results on 27-day response of low-latitude ionosphere to solar extreme-ultraviolet (EUV)
radiation, response to the recurrent geomagnetic storms, long-term trends in the upper atmosphere, latitudinal dependence of total
electron content on EUV changes, and statistical analysis of ionospheric behavior during prolonged period of solar activity.
Section 2 contains a study of ionospheric variations induced by recurrent CIR-driven storm, a case-study of polar cap absorption
due to an intense CME, and a statistical study of geographic distribution of so-called E-layer dominated ionosphere.
Section 3 comprises empirical models for describing and forecasting TEC, the F-layer critical frequency foF2, and the height of
maximum plasma density. A study evaluates the usefulness of effective sunspot number in specifying the ionosphere state. An
original method is presented, which retrieves the basic thermospheric parameters from ionospheric sounding data.
Key words. ionosphere – solar activity – storm – total electron content – data analysis
1. Introduction
A number of studies have been conducted in the frame of sub-
group (SG)1.1 devoted to the solar activity impact on the
Earth’s upper atmosphere. Response of the thermosphere and
ionosphere to the changes of solar activity is important part
of the space weather issue, because of its impact on the human
space-based activity. The studies cover wide range of contem-
porary topics identified in the Action’s scientific program.
The results of the studies can be grouped into three major top-
ics. One is the response of the ionosphere to the periodic
changes of solar activity with time scale from several days to
a month (medium-term response) and those with time scale
of the order of several solar cycles. The second group of topics
covers studies on the ionospheric response to geomagnetic
storms, which have time scale from several hours to 2–3 days.
The third group contains development of empirical models and
forecasting techniques, which are aimed to feed the space
weather operational services.
1.1. Medium- and long-term ionospheric response to the changes
in solar and geomagnetic activity
Active regions on the Sun impact the Earth’s thermosphere and
ionosphere through several different channels. Variability of
neutral and ionized density is a net result of the different forcing
mechanisms whose individual contributions are difficult to be
assessed. One powerful method for statistical identification of
the relations between active processes on the Sun, their geo-
physical consequences and atmospheric variability, is the spec-
trum analysis. The coherent oscillations of both media at
various timescales are used to identify the background physical
processes. Quasi-27-day periodicity is a typical medium-term
response of the neutral atmosphere and ionosphere to the
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changes in solar and geomagnetic activity. The main factor gen-
erating such changes is the repeatable influence of active
regions on the Sun’s surface which rotate with a period of 27
days. This influence is transmitted to the Earth in two ways:
by EUV radiation and by solar wind. It is well accepted that
the neutral atmosphere and ionosphere respond collectively to
both these solar influences, but the time scales of their
responses are still uncertain. The 27-day periodicity in the solar
EUV radiation directly impacts the atmospheric temperature
and ion production. Since the pioneering works of Maunder
(1904) and Bartels (1934), numerous papers were devoted to
the solar 27-day periodicity and its effects on the upper atmo-
sphere and ionosphere. Recently, the presence of a 27-day oscil-
lation in the ionosphere has been reported by Altadill et al.
(2001), Pancheva et al. (2002), Altadill & Apostolov (2003),
and others.
Solar wind high-speed streams (HSSs) emanated from solar
coronal holes cause recurrent, moderate geomagnetic activity,
which can last more than one solar rotation (see, e.g., the review
of Tsurutani et al. 2006) and therefore induce 27-day variations
in the ionosphere. HSSs, when emanated away from the Sun,
interact with preceding low-speed solar wind and form a
‘‘co-rotating interactive region (CIR)’’. This interface region
between low- and high speed solar plasma produces geomag-
netic disturbances when it interacts with the Earth’s magneto-
sphere. Thus, a single coronal hole can produce multiple
CIRs if the hole lives longer than one solar rotation. Temmer
et al. (2007) compared the variability of coronal holes
areas with solar wind data and geomagnetic indices for
January–September 2005. Applying wavelet analysis, they
found a clear 9-day periodicity in both, coronal hole appearance
and solar wind parameters. These authors suggested that these
periodic variations are caused by coronal holes distributed
roughly 120 apart in solar longitude. This topology was stable
for the first 5 months, followed by a dual coronal hole distribu-
tion producing 13.5-day periodic variations up to the end of the
observation period. Coronal holes are most prevalent during the
declining phase of the solar cycle and can persist for many solar
rotations (Borovsky & Denton 2006; Vrsˇnak et al. 2007).
Recently the 9-day variability has been found in the neutral
density of the Earth’s thermosphere (Lei et al. 2008) and the
infrared energy budget of the thermosphere (Mlynczak et al.
2008). Thayer et al. (2008) have shown that the thermospheric
mass density response is global and varies coherently with the
recurrent geomagnetic activity, although the response is slightly
larger at high latitudes. Modifications of the midlatitude F
region during persistent HSSs have been studied by Denton
et al. (2009). By using superposed epoch analysis, these authors
studied changes in F-region parameters before and after the
onset of magnetospheric convection, the latter represented by
sudden increases of Kp-index above 4. They found that night-
time peak density decreases consistently with storm onset and
gradually recovers to the pre-storm levels in about 4 days.
The daytime peak density also exhibits a sharp increase at storm
onset, followed by a decrease below the quiet level that again
gradually recovers within 3–4 days. As was pointed out above,
the main question which recent studies are trying to answer is
how the mechanisms generating particular disturbances in
atmosphere and ionosphere can be identified. Analysis of the
spectral characteristics of the solar forcing and ionospheric
response can provide an important clue to the understanding
and modeling the physical processes controlling the space
weather and space climate in general.
Long-term trends (longer than solar cycle) in the upper
atmosphere-ionosphere are a complex problem due to simulta-
neous presence of several drivers of trends, which behave in a
different way: increasing atmospheric concentration of green-
house gases, mainly CO2, long-term changes of geomagnetic
and solar activity, secular change of the Earth’s main magnetic
field, remarkable long-term changes of stratospheric ozone
concentration, and very probably long-term changes of atmo-
spheric dynamics, particularly of atmospheric wave activity
(Lastovicka 2009; Qian et al. 2011; Lastovicka et al. 2012).
Whereas CO2 concentration is quasi-steadily increasing, other
drivers change their trends with time even to opposite (solar
and geomagnetic activity, stratospheric ozone), or change trends
with location (Earth’s main magnetic field), or with latitude
(geomagnetic activity), or are largely unknown but probably
unstable in space and time (atmospheric winds and waves).
Consequently, the trends in the upper atmosphere-ionosphere
system cannot be stable; they have to change in time and space
(e.g., Lastovicka et al. 2012). Such trends might be represented
by piecewise linear trends. Therefore, important question to be
answered in the recent studies is how to assess the impact of
space weather/climate on long-term trends in the upper atmo-
sphere-ionosphere system.
1.2. Storm-time ionospheric response to the solar and
geomagnetic forcing
From the active region on the Sun’s surface emerges solar par-
ticles that can produce geomagnetic disturbances in the Earth’s
magnetosphere. CME events are usually the origin of intense
geomagnetic storm and they occur predominantly during solar
maximum phase. Coronal holes emit high-speed solar wind
(HSS), capable to produce a series of moderate and weaker geo-
magnetic storms which continuously (recurrently) appear dur-
ing periods longer than one solar rotation. The latter storms
more frequently appear during declining and solar minimum
phases (see, e.g., Borovsky et al. 2006). Extensive studies have
recently been conducted in attempt to differentiate the iono-
spheric response of CME- and CIR-driven storms. On this line,
special interest is paid to ionospheric response (ionospheric
storms) during the unusually prolonged solar minimum
(2006–2009), when the EUV solar irradiance and CME occur-
rence were very low, but nevertheless moderate and weaker
geomagnetic storms frequently took place.
CME-driven geomagnetic storms disturb strongly the mag-
netosphere. The plasma sheet is overpopulated with energetic
particles, the ring current intensifies, strong solar energetic par-
ticles appear in the polar caps through the cusp regions. Special
interest invokes the so-called polar cap absorption events pro-
duced by energetic solar protons emitted in the CME regions
on the Sun and accelerated by CME sheaths and magnetic
clouds during their travel to the Earth’s magnetosphere. During
the solar proton events (SPE), the solar energetic protons
(<1 MeV) produce abnormal ionization in ionospheric D-
region which absorbs radio waves in the HF and VHF bands.
PCA events are regularly studied because they can provide
important information about the nature of the SPE and hence
information about the generation of CME and acceleration pro-
cesses in the interplanetary medium. The intensive particle
fluxes in the magnetosphere plasma sheet during the CME-dri-
ven storms penetrate into the auroral zone and produce the
famous auroras. The plasma sheet particles with higher energies
penetrate deeper in the atmosphere and produce additional
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ionization in the E-layer. Frequently, the plasma density in the
E-layer exceeds that in the F-layer (Mayer & Jakowski 2009), a
phenomenon known as E-layer dominated ionosphere (ELDI).
1.3. Modeling and forecasting techniques
Ionospheric behavior during geomagnetic storms, the most fas-
cinating subject in the ionospheric physics, has long been stud-
ied. Numerous applications connected with ionosphere invoked
the necessity of modeling and predicting the ionospheric state.
Theoretical modeling using momentum equations for iono-
spheric plasma has great impact on ionospheric physics,
describing and predicting the main properties of the media.
For application purposes, however, empirical modeling of ion-
ospheric parameters has been found most suitable and accurate.
The modeling approach is based on presenting the ionospheric
parameter (most frequently the F-layer critical frequency foF2)
by analytical expressions as a function of one or more geomag-
netic or solar indices, called drivers. Geomagnetic indices, like
Kp, ap, Dst, etc., better correlate with the short-term changes of
ionosphere from several hours to several days (Araujo-Pradere
et al. 2002; Muhtarov et al. 2002). Solar indices, like sunspot
number R and solar flux F10.7, better suit the long-term varia-
tions of the order of months (Bilitza 2000). It is obvious that
ionospheric parameters and geomagnetic indices are controlled
by the same magnetospheric processes, but geomagnetic indices
react faster to magnetospheric changes, while ionosphere
response is more delayed. This time delay in reactions (2–
3 h) is assumed enough to consider the geomagnetic drivers
as a forcing and ionosphere as a response to that forcing.
Recently, the availability of solar wind parameters and inter-
planetary magnetic field (IMF) measured outside the magneto-
sphere (for example, ACE satellite at L1 libration point) made
them appropriate for short-term drivers, due to the fact that the
travel time from the L1 point (1.5 million km from the Earth) to
the magnetosphere is around half an hour. Forecasting tech-
niques are based on the empirical models with predicted values
of the drivers. Empirical models using solar wind parameters
and/or IMF as drivers, usually, are used for now-casting (spec-
ification of ionospheric state) or forecasting 1–3 h ahead.
Empirical modeling is actually fitting of analytical functions
to selected database, as the accuracy is assessed by standard
deviation of the models from the data. Therefore, the accuracy
of the models depends on two factors: selection of proper data-
base and choosing analytical expression that accurately describe
the real variations of ionospheric parameters. The proper adjust-
ments of these two factors is the main challenge of the contem-
porary empirical models.
2. Medium- and long-term ionospheric response to
the changes in solar and geomagnetic activity
This section includes results of the studies on ionospheric
response to periodic changes of solar activity connected with
solar rotation and also on long-term trends, connected with
changes during solar cycle. Ionospheric response is latitude
dependent and causes large horizontal gradients. These gradi-
ents are assessed by using GNSS measurements of the total
electron content (TEC). Special attention is also paid on iono-
spheric behavior during the last prolonged solar activity mini-
mum (2006–2009).
The main factor generating medium-term changes is the
repeatable influence of active regions on the Sun’s surface that
rotate with a period of 27 days. In Section 2.1, Kutiev et al.
(2012) demonstrate that the 27-day oscillations of the TEC at
low-latitudes closely correlate with those of F10.7-index, con-
sidered as a proxy for the EUV solar irradiance. These authors
analyzed the relative deviations of TEC (rTEC) over Japan
obtained in the years 2000–2008 and found that the correlation
between rTEC and F10.7 is highest during the maximum phase
of solar activity, when the 27-day amplitude of rTEC is almost
equal to its total deviation. They also show that the 27-day var-
iation of rTEC plays a role of a background variation, which is
disrupted by disturbances produced by geomagnetic storms.
Recurrent geomagnetic storms, produced by coronal holes,
overcome the effect of solar irradiance on the ionosphere during
declining and minimum phases of solar activity. In Section 2.2,
Mukhtarov & Pancheva (2012) reveal the main features of the
global ionosphere response to the recurrent geomagnetic activ-
ity with period of 9 days. The latter correlates with recurrent
solar wind HSSs which are related to coronal holes distributed
roughly 120o apart in solar longitude. The global observations
of electron density profiles from the COSMIC satellites are
used by the authors, for the period of time 1 October 2007–
31 March 2009, when the 9-day oscillations in external forcing
(solar wind, Kp-index, and the NOAA Power Index) are strong.
Long-term trends in the upper atmosphere-ionosphere are
reviewed in Section 2.3 by Lastovicka et al. (2012). The trends
are due to simultaneous presence of several drivers, which
behave in a different way, with the main driver being the
increasing atmospheric concentration of greenhouse gases,
mainly CO2 and long-term changes of geomagnetic and solar
activity. Authors conclude that the role of space weather/climate
in long-term changes and trends in the upper atmosphere-iono-
sphere was more important in the past, when it controlled the
trends in ionospheric parameters, than it is at present, when
the dominant controlling parameter seems to be increasing con-
centration of CO2.
Jakowski et al. (2011) reveal in Section 2.4 the coherent
variations of TEC with F10.7 at three selected latitudes during
the last solar cycle and assess the changes of the large-scale hor-
izontal gradients with solar activity. They found that the sudden
increase of EUV during the large CME (as that on 28 October
2003) has an immediate effect in TEC, preceding the geomag-
netic storm.
Section 2.5 contains an original result on foF2 variations
during the prolonged period of extremely low solar activity
between cycles 23 and 24. Comparison of foF2 variations in
the last minimum with those in the previous solar minimum
(1996) does not show marked difference, in compliance with
F10.7 changes.
2.1. Response of low-latitude ionosphere to 27-day variations
of solar and geomagnetic activity
Kutiev et al. (2012) studied 27-day response of mid- and low-
latitude ionosphere represented by relative deviations of TEC
over Japan during the period 2000 through 2008. Using wavelet
analysis, they demonstrate that oscillations with periods around
27 days comprise the main periodicity of the ionosphere during
this time. For statistical analysis, the hourly average TEC devi-
ations (data manipulation is described by Kutiev et al. 2005) are
fitted with two regression lines, representing a lower latitude
band (24–29)N and an upper latitude band (29–45)N in
the region of Japan. The mean rTEC of regressions are denoted
as rTEC27 for southern and rTEC38 for northern sub-ranges.
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In this analysis they examined the power spectra of ionospheric
deviations, presented in the form of amplitude wavelet spectra.
The rTEC oscillations with periods 5–30 days are transient phe-
nomena that are most effectively identified by a wavelet trans-
form method. The wavelet analysis presented here (Pancheva &
Mukhtarov 2000) employs the continuous Morlet wavelet,
which consists of a cosine wave modulated by a Gaussian
envelope.
Figure 1 shows the magnitude of 27-day oscillation in both
rTEC27 (red line) and rTEC38 (green line) for the whole period
of analysis 2000–2008. The magnitude of the 27-day oscillation
in F10.7 is also shown with the scale on the right. The magni-
tude of 27-day periodicities in F10.7 is significantly higher in
the period 2000–2005 than in the period 2006–2008. During
this first period, covering the solar maximum and subsequent
declining phase, the 27-day periodicities in rTEC are also the
largest and quite well correlated in phase with F10.7 but not
in magnitude. In the period 2006–2008 27-day periodicities
in F10.7 are extremely small. The same periodicities in rTEC
are smaller than those seen in the previous years. However, they
remain significant but essentially uncorrelated in phase or
amplitude with the same period changes in F10.7.
It is apparent that geomagnetic storms disrupt the underly-
ing variation of rTEC and give rise to shorter term changes,
which appear as intensification of shorter period oscillations.
The ionosphere responds to geomagnetic forcing and recovers
to the underlying longer period variation within 3–5 days,
depending on the intensity of the storm. Figure 2 illustrates this
behavior. A periodic variation, with period close to 27 days, is
superimposed as the solid black curve on rTEC variations
shown between day 180 and day 270, in 2004 in the top panel.
This curve is not drawn to exactly represent the underlying
large-scale variation but rather to provide a reference from
which the small-scale deviations can be easily identified. Verti-
cal arrows mark the start of some of these deviations, which
coincide with the beginning of storms. From Figure 2 we find
that the underlying variation in rTEC has close to a 27-day per-
iod, that geomagnetic storms disrupt with both positive and
negative variations in rTEC that return to the underlying base-
line in 1–3 days. These assumptions were checked over the
whole database. The temporal evolution of the disruption is
caused by geomagnetic storms and the corresponding recovery
depends on the frequency of storm on-sets. In many cases
recoveries are interrupted by new storms, which make the sta-
tistical analysis difficult. During some periods in Figure 2,
when the storms appear isolated from each other, the above
behavior is readily seen. Two important features can be
extracted from the visual inspection of data. The first is that
the sign of disruption in the basic variation of rTEC depends
on the phase of the variation. When rTEC is positive, disruption
is toward negative values. When disruption appears during
declining rTEC, the disruption is positive. The second feature
is that the amplitude of the disruption is not proportional to
the strength of the storm (measured by Kp or Dst).
2.2. Thermosphere-ionosphere coupling in response to recurrent
geomagnetic activity
The aim of this subsection is to present the main features of the
global ionosphere response to the recurrent geomagnetic activ-
ity with period of 9 days. The latter correlates with recurrent
solar wind HSSs which are related to coronal holes distributed
roughly 120 apart in solar longitude. The global observations
of electron density profiles from the COSMIC satellites are
used for the period of time 1 October 2007–31 March 2009,
when the 9-day oscillations in external forcing (solar wind,
Kp-index, and the NOAA Power Index) are strong. Here, only
the response of the main F-region parameters foF2 and hmF2
years 2000-2008
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Fig. 1. The magnitude of 27-day oscillation in both rTEC27 (red
line) and rTEC38 (green line) for the whole period of analysis 2000–
2008. The magnitude of the 27-day oscillation in F10.7 is shown
with the scale on the right (Kutiev et al. 2012).
Fig. 2. Top: rTEC variations between days 180 and 270, in 2004, superimposed by a periodic variation (solid black curve), with period close to
27 days. Vertical arrows mark the start of some of these deviations, which coincide with the storms onsets (Kutiev et al. 2012).
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